The bacterial envelope stress response senses stress signals in the extracytoplasmic compartment, and activates E -dependent transcription by degrading its antisigma factor RseA. RseB, a binding partner of RseA, plays a pivotal role in regulating this response, but its molecular mechanism is not understood. We therefore determined the crystal structure of Escherichia coli RseB at a resolution of 2.4 Å. RseB is composed of two domains linked by a flexible linker and forms a loosely packed dimer with two grooves on each side. This structural feature is confirmed by small-angle scattering in solution. Analysis of the binding of various RseA mutants to RseB allowed us to identify the major RseB-binding motif in RseA. These data, coupled with analysis of small-angle scattering of the RseA/ RseB complex in solution, leads us to propose that two RseAs bind to the grooves of the dimeric RseB by conserved residues. The implications for modulating proteolytic cleavage of RseA are discussed.
B
acterial cells sense elevated temperature and other environmental stresses by the recognition of misfolded proteins in the envelop compartment. The envelop stress signal is then transmitted to the cytoplasm across the membrane, by either the E or CpxRA pathway (1, 2) , thereby inducing the expression of the genes required for cellular adaptation and homeostasis. A variety of stress signals, which can be detected by increases in the levels of misfolded OMP precursor in the extracytoplasmic compartment, are transduced into the cytoplasmic compartment and activate the genes necessary for the defense or recovery of the cells against stress by the release of E , a sigma factor that functions as a subunit of the RNA polymerase holoenzyme. Approximately 100 genes have been determined to be regulated by the E response (3) (4) (5) (6) . In the E pathway, the activity of the sigma factor E is controlled by two inner membrane proteases, DegS and RseP, as well as two antisigma factors, RseA and RseB. RseA consists of the N-terminal cytosolic domain, the single transmembrane segment, and the C-terminal periplasmic domain. The cytosolic domain of RseA functions as an antisigma factor by strongly binding to E and inhibiting its activity. DegS, which is anchored to inner membrane by an N-terminal transmembrane segment, is activated in cases in which the PDZ domain of DegS binds to a misfolded OMP precursor (7, 8) . The periplasmic C terminus of RseA is then cleaved by the activated DegS (8, 9) , followed by the sequential digestion of the N terminus of RseA by RseP, a membrane metalloprotease, to release the N terminus RseA/ E complex into the cytosol (10, 11) . It was reported that this process is controlled by the PDZ domain of RseP and the Gln-rich region of RseA in the periplasmic compartment (12) . The E can be released completely from RseA, and its activity as a sigma factor is restored when the RseA fragment is removed by ClpXP protease (13) . Ultimately, the serial digestion of RseA by DegS, RseP, and ClpXP results in the release of active E in the cytosolic space and the expression of stress-responsive genes. In addition, it has also been determined that simply the overproduction of P pilus subunit, PapG, in the absence of a chaperone or structural changes in lipopolysaccharides, can also result in the activation of E without the activation of DegS (14) (15) (16) .
RseB, a negative modulator of the E pathway, has been shown to control the activity of RseP by binding to the C terminus of RseA (17) (18) (19) . It appears that the role of RseB is crucial for the negative regulation of E signaling, because RseP can cleave ResA in the Escherichia coli ⌬rseB ⌬degS strain, without the periplasmic cleavage of RseA (20) . In other words, RseB may prevent the proteolytic cleavage of intact RseA by RseP in the absence of stress signals (20) . RseB has also been proposed to activate the function of E by sensing other stress signals, e.g., damaged proteins in the periplasmic space (15, (20) (21) (22) . Therefore, RseB is considered to function in the fine tuning of the E envelop stress response, by modulation of the RseP activity (20) .
RseA and RseB are broadly conserved among Gram-negative bacteria that have the E envelop stress response (Fig. 1A) , and RseB is believed to be crucial for the modulation of the signaling pathway. However, it remains unclear as to the manner in which RseB functions and interacts with RseA at the molecular level, as well as the manner in which their binding modulates the envelop stress response. In this study, we report the crystal structure of RseB and the fine mapping of the ResB-binding region of RseA. We propose a binding mode of RseB to RseA and discuss the implications for modulating proteolytic cleavage of RseA.
Results
Structure Determination of RseB. Mature RseB (residues 24-318) lacking the signal peptide was expressed in E. coli and purified by two chromatography steps. Size-exclusion chromatography revealed that RseB exists as a dimer in solution. It was crystallized in a solution containing PEG 8000 as a precipitant and in the presence of n-octyl-␤-D-glucoside and guanidine-HCl as additives. In particular, the addition of n-octyl-␤-D-glucoside proved essential to the alteration of the morphology of crystals as well as diffraction quality. The crystal structure of RseB has been determined by using single-wavelength anomalous dispersion data collected from the Se-Met substituted RseB crystal in the wavelength showing the maximum anomalous absorption of the selenium atom and refined at a resolution of 2.4 Å [supporting information (SI) Table 1 and SI Fig. 6 ]. The asymmetric unit of the RseB crystal harbors three subunits that have different conformations (SI Fig. 7 ).
Crystal Structure of RseB Monomer. The monomeric structure of RseB is composed of a larger N-terminal (residues 26-209 in the first subunit) domain and a smaller C-terminal (residues 217-316 in the first subunit) domain (Fig. 1) . A flexible linker (residues 210-216 in the first subunit) between two domains was not traced, probably because of the inherent flexibility. In the second and third subunits, the residues 191-217 and 209-220 were not modeled, respectively. The N-terminal domain of RseB is composed of a saddle-shaped ␤-sheet of 11 antiparallel ␤-strands (␤1-␤11) flanked by three ␣-helices (␣a-␣c; Fig. 1B) . The structural similarity of RseB with other known structures was searched by DALI algorithm (23) . The overall fold of the N-terminal domain was shown to be similar to that of a lipoprotein, LppX, which is involved in the translocation of complex lipids to the cell envelop (24) . LppX can be superimposed on the N-terminal domain of RseB with a Z-score of 10.5 with rmsd of 3.5 Å for 142 C␣ atoms. The C-terminal domain is comprised of two ␤-sheets of six (␤13-␤18) and two (␤12 and ␤19) antiparallel ␤-strands, respectively, and a helix (Fig. 1B) . The overall fold of the C-terminal domain is similar to Mog1p, a Ran GTPasebinding protein from Saccharomyces cerevisiae (25) . The rmsd between the C-terminal domain of RseB and Mog1p is 2.9 Å for 77 C␣ atoms, with a Z-score of 4.8. However, it does not seem that this structural similarity bears functional relevance, because the residues that comprise the Ran GTPase-binding site of Mog1p are not conserved in RseB. Although each domain of RseB shows structural similarity to other proteins, the entire structure is not similar to any other known proteins.
RseB Dimers in Two Different Conformations in the Crystal. An asymmetric unit of the RseB crystal harbors three subunits (SI Fig. 7 ). The dimeric structure in the crystal was previously expected, because RseB forms a dimer in solution. Two of the three subunits in the asymmetric unit form a closed dimer by noncrystallographic twofold symmetry and are packed relatively tightly with the burial of 3,597 Å 2 of the solventaccessible surface. The closed dimer has overall dimensions of 46 ϫ 55 ϫ 95 Å (Fig. 1C ). The third subunit shows a different conformation, mostly because of the difference in the relative orientation of two domains, whereas the overall fold is quite similar (SI Fig. 8 A) . Because RseB forms a dimer in solution, the third subunit and its equivalent related by the twofold crystallographic symmetry were used to build another form of dimer, which is denoted as an open dimer. The overall dimensions of the open dimer are 41 ϫ 49 ϫ 110 Å (Fig. 1C) . By the formation of an open dimer, 760 Å 2 of the solventaccessible surface becomes buried. However, we cannot completely exclude the possibility that this model does not represent a natural form.
The formation of the open RseB dimer is mediated only by the residues in the C-terminal domain ( Fig. 1C and SI Fig. 8B ). The hydrogen bonding between Q275 and T273 of the opposite subunits is enclosed by the van der Waals contacts involving several residues which are related by twofold symmetry (SI Fig.  8B ). The packing between two subunits is tighter in the closed than in the open conformation. The wide binding area observed in the closed dimer is attributable to the use of n-octyl-␤-Dglucoside, which is buried within the binding interface of the two C-terminal domains by hydrophobic interaction with the aliphatic chains of residues T243, M247, N264*, R281*, R282*, and V297* (* denotes the residues in the opposite subunit; SI Fig. 6 ). The detergent appears to stabilize the dimer by an increase in the binding surface, because the detergent-binding region, including residues 234-251, is flexible in the open dimer and is accordingly not modeled ( (Fig. 1C) .
RseB Exists as the Open Dimer in Solution.
Because two different dimeric conformations were observed in the crystal structure, it was necessary to identify the dimeric nature of RseB in solution. Therefore, RseB was examined by synchrotron small-angle x-ray scattering (SAXS) experiment. The distance distribution function of RseB, which was obtained from the SAXS data, is not identical to those calculated from the conformations found in the crystal structures (SI Fig. 9 ), but the overall shape of the curve for the SAXS experiment appears to be closer to that for the open dimer ( Fig. 2A and SI Fig. 9 ). The solution model of RseB constructed from the scattering data revealed that RseB exists as an extended dimer and has two grooves on each side (Fig. 2 A) . Therefore, it is thought that the solution model is similar to the conformation of the open dimer in terms of the overall 3D shape and the distance distribution function (Fig. 2 A and SI Figs. 9 and  10) , and two open grooves are present in the solution conformation as well as in the crystal structure of the open dimer. In the solution model, the shape of the N-terminal domain is similar to the crystal structure, whereas the C-terminal domain is not well defined, which may be because of its flexibility in solution (Fig. 2 A) . However, we cannot rule out the presence of the closed dimer in certain environments, because the SAXS experiments were performed in the buffer containing 20 mM Tris⅐HCl, pH 7.5/100 mM NaCl, which is not identical to the crystallization condition.
RseB Interacts with the Small Binding Fragment of RseA. RseB binds to the periplasmic C-terminal domain of RseA and negatively regulates E signaling as an antisigma factor (17, 18, 20) . To locate the RseB-binding fragment of RseA, His pulldown assays using a variety of truncated RseAs (tRseA) were conducted. Eighteen different forms of tRseAs were expressed as His-Trx fusion proteins, and their binding to RseB was evaluated by the pulldown assay and SDS/PAGE (Fig. 3) . The minimal region of RseA required for binding to RseB consists of the residues 169-186 (QRRRINAMLQDYELQRRL) (Fig. 3) . The titration of RseB binding to RseA revealed that one dimeric RseB binds to two RseAs (SI Fig. 11 ). When RseB and the periplasmic domain of RseA (RseA 121-216 ) were mixed at the subunit molar ratio of 1:1 and loaded onto an NTA column, no RseB was detected in the loading-through. When RseB was added at increasing molar ratios, the amount of bound RseB was the same, and the excessive RseB was observed in the loading-through, thereby suggesting that one subunit of RseB binds to one RseA.
The RseB-binding fragment, RseA 169 -186 , harbors five Arg residues at both ends (residues 170, 171, 172, 184, and 185), which are relatively well conserved in all bacterial species (Fig.  4A) . Therefore, it is tempting to hypothesize that these residues perform important roles in the function. To elucidate the roles of these Arg residues in the interaction with RseB, they were replaced with negatively charged residues (R170D/R171D, R171D/R172D, R184E/R185E, R172D, and R185E; Fig. 4B ) or neutral residues (R171A/R172A, R172A, R184A/R185A, R185A, and R172A/R1875A; Fig. 4C ), and the interactions between these tRseA mutants and RseB were assessed by the His pulldown assay (Fig. 4 B and C) . Among the mutants, R171D/ R172D, R184E/R185E, R185E, and R172A/R185A did not bind to RseB, and R172D showed marginal binding affinity, whereas R170D/R171D and other Arg-to-Ala mutants retained full binding affinity (Fig. 4 B and C) . These results suggest that R172 and R185 of RseA are crucial for the interaction with RseB. Consistent with this notion, R172 and R185 appear to be very well conserved in Gram-negative bacteria (Fig. 4A) . That R172 and R185 are essential for binding RseB suggests the negatively charged surface of RseB dimer, which is found at the bottom and the inside of the groove (Fig. 5A) , might be the binding site of RseA. The SAXS data are consistent with the idea that the groove of RseB might be the binding site of RseA (Fig. 2) . The distance distribution function and the solution model of RseB/ RseA complex show that the complex has a flattened surface, and the inter atomic distances are more evenly distributed than the unbound RseB, suggesting that the structure of the complex is more compact and the grooves are occupied (Fig. 2B and SI  Fig. 9 ). These data propose that the open grooves of RseB are occupied by RseAs and the conformation of RseB is less flexible when bound to RseAs (Fig. 2) .
Discussion
RseA/ E signaling has been extensively studied as one of the envelop stress responses in Gram-negative bacteria (1, 2). It has been thought that RseB, or its complex with RseA is involved in the fine tuning of this response, by the regulation of the activity of RseP, the integral membrane protease responsible for the modulation of the signaling pathway. In this report, the crystal structure of RseB and its mode of binding with RseA were studied, in an attempt to elucidate the molecular mechanisms inherent to RseB.
Two dimeric forms of RseB, the open and the closed forms, were identified by crystallographic analyses (Fig. 1) . However, the SAXS data suggest that RseB in solution adopts an open conformation (Fig. 2 A) , which is comparable but not identical to the open dimer observed in the crystal structure. It is thought that the conformation of RseB is not fixed in solution, that is, the relative position of the two domains or dimeric interface is subject to change. The crystal structure of the open dimer may represent a snapshot of that changeable conformation. The closed RseB dimer seems to be a crystallization artifact induced by the addition of the detergent, which was indispensable for crystallization. However, we cannot rule out the possibility that the closed dimer exists under certain conditions such as the presence of lipids or lipid analogues, because it was observed in the crystal structure that the nonionic detergent tightly binds inside of the closed RseB dimer. As for the binding of RseA to RseB, the binding assays using various RseA mutants and the complex structure obtained by the SAXS experiment (Figs. 2B and 3) propose that two RseAs bind to the two grooves of RseB dimer by the binding fragment containing well conserved residues.
In the binding fragment of RseA, two conserved key Arg residues (R172 and R185) are located at both ends, whereas the hydrophobic residues, which are also well conserved, are found The blue, yellow, and white surfaces respectively represent identical, well conserved, and less-conserved residues, which is marked in the multiple sequence alignment of Fig. 1 A. The conserved polar and negatively charged residues in the cleft are labeled.
in the middle (Fig. 4A) . Therefore, it is believed that RseA binding to RseB occurs by hydrophobic as well as charged residues. When either R172 or R185 was changed to Ala, mutated RseA still can bind to RseB, thereby suggesting that the binding affinity between RseA and RseB is not significantly affected when one of the charge-mediated or polar interactions is interrupted (Fig. 4C) . This idea can also be confirmed by the fact that the truncated mutant, RseA 173-216 , which lacks the N-terminal four residues including R172 still shows partial binding affinity for RseB. However, the deletion of two more N-terminal residues (RseA 175-216 ) or the substitution of both Arg residues (R172A/R185A) can abolish the binding affinity (Fig.  3) . However, R172 and R185 have special roles in binding through the electrostatic interaction with RseB. Unlike the Arg-to-Ala mutation of R172 or R185, the replacement of either R172 or R185 with a negatively charged residue abolishes the binding affinity (Fig. 4B) , probably because of the repulsion force between RseA and RseB. In a recent study reported during the final review of this manuscript, the major interaction site of RseA with RseB was mapped, and it is consistent with our results (26) . The surface model of the open RseB dimer, in which the locations of the conserved residues are marked (Fig. 5B) , clearly shows that many of the conserved polar and negatively charged residues, such as E98, S113, D118, E181, S260, and E299, are localized in the cleft, and are likely to be involved in the interaction with RseA. A recent mutation analysis proved that the 245-250 residues of RseB, which are located in the cleft, play essential roles in RseA binding (C. A. Gross, personal communication). The 245-250 residues of RseB are not shown in the surface model, because this region is not modeled in the open dimer probably because of its flexibility.
The solution structure of RseA/RseB complex restored from the small angle scattering data seems to occupy more volume in the middle region (Fig. 2B) than the RseB structures modeled from the SAXS or x-ray crystallography. From the comparison, it is assumed that RseA binds to the groove of RseB, which is located in the interface between two domains and pushes away the N-terminal domain to the outside and stabilize the Cterminal domain of RseB. If this happens, the C-terminal domain will become more ordered and the N-terminal domain will be rotated counterclockwise. The relative movement of the two domains can be inferred, because a similar movement is observed when the closed and the open dimers are compared (SI Fig. 8A ). The size of the groove is estimated to be 15 Å deep and 30 Å long (Figs. 1C and 5 ) and is about the same as the size of an 18-residue helix, which is 13 Å in diameter and 27 Å in length. Therefore, it can be hypothesized that the binding fragment of RseA forms a helix and tightly fits into the groove. These results, taken together, suggest that the periplasmic domain of RseA undergoes conformational changes and its RseB binding fragment gains significant helical property when bound to the groove of RseB. We cannot rule out the possibility where RseA binds to the closed dimer of RseB proximally to the C terminus. If this happens, the resulting envelop could be also similar to the SAXS model of the complex (Fig. 2B) . However, considering other evidences including the charge distribution and the size of the binding cleft of the open dimer, it is more likely that RseA binds to the open dimer of RseB and the RseA-binding site is the cleft, which is formed between two RseB subunits.
It has been previously proposed that the role of RseB may be to block the access of RseP to RseA as one way of negative regulation of RseP (20) . Our current data provide the structural basis for the interaction between RseB and RseA, thereby supporting this idea. But, it is yet unknown how the two Gln-rich regions of RseA are involved in the regulation of RseP (12) . Interestingly, the RseB-binding fragment identified in this study does not overlap with the Gln-rich regions (Q1: residues 162-169; Q2: residues 190-200) and is rather located between them (Figs. 3A and 4A) , thereby implying that the negative regulation of RseP by the Gln-rich regions is not mediated by the interaction with RseB. If RseA undergoes the conformational changes induced by RseB binding, it is possible that the conformations and relative distance of the two Gln-rich regions may be altered and ultimately RseB may enhance the accessibility of RseA to the PDZ domain of RseP and modulate the RseP activity. Apart from this, RseB has been shown to be solely capable of controlling the RseP activity under stress conditions (15, (20) (21) (22) . In this regard, it is hypothesized that the stress signals might directly induce the conformational changes of RseB toward more closed form and ultimately result in the release RseB from RseA. In our crystal structure, a detergent molecule was found in the closed RseB dimer, and it is therefore likely that lipids or lipidcontaining molecules can function as signaling molecules to induce the closed conformation of RseB and activate RseP. In this context, a recent report is noteworthy, which indicated that the E activity is DegS-independently increased by modified lipopolysaccharides (16) .
The crystal structure of RseB as well as the proposed binding mode to RseA will provide a cornerstone for further biochemical and physiological studies of RseB/RseA complex and important clues for understanding the regulatory mechanisms of the E signaling pathway. Further studies on the physiological properties and roles of RseB and RseA/RseB complex will be required to fully characterize the E signaling pathway and the general mechanisms inherent to the regulation of intramembrane proteolysis.
Materials and Methods
Cloning, Expression, and Protein Purification. The gene encoding E. coli RseB (residues 24-318) was amplified from the E. coli genome by PCR. The PCR products were then digested by NdeI and HindIII and inserted into pET-22b(ϩ). The plasmid was then transformed into E. coli BL21(DE3). The cells were grown in LB medium and protein expression was induced with 0.5 mM isopropyl ␤-D-thiogalactoside at 30°C. After 5 h of induction, the cells were harvested by centrifugation and disrupted by sonication in 20 mM Tris⅐HCl, pH 7.5. The homogenate was then clarified by centrifugation and was dialyzed against the same buffer. The protein was then purified by using heparin-agarose (GE Healthcare, Piscataway, NJ) and Superdex 200 gel-filtration chromatography. The purified protein was then dialyzed in 20 mM Tris⅐HCl, pH 7.5/100 mM NaCl and concentrated to 20 mg/ml. Se-Met-labeled RseB was expressed in E. coli B834(DE3). Point mutations were introduced into the RseA gene by Quick Change mutagenesis kit (Stratagene, La Jolla, CA).
Crystallization. RseB crystals suitable for x-ray data collection were grown by the hanging-drop vapor diffusion method at 20°C in the condition of 0.1 M Hepes, pH 7.5/6%(wt/vol) PEG 8000/0.1 M NaCl/5%(vol/vol) 2-methyl-2,4-pentanediol/5%(wt/ vol) guanidine⅐HCl/3 mM n-octyl-␤-D-glucoside. For cryoprotection, the crystals were serially transferred into crystallization solution containing an increasing amount of PEG 8000 (up to 25%) and frozen in a cold nitrogen stream at Ϫ173°C. Diffraction experiments were performed at beam line 4A of Pohang Light Source, Pohang, Korea, and at NW12 of Photon Factory, Tsukuba, Japan. The final x-ray diffraction data were collected with a Quantum 210 CCD detector (Area Detector Systems Corp., Poway, CA) at beam line NW12. The native RseB crystal diffracted to 2.4 Å and belongs to the space group C222 1 , with unit cell dimensions: a ϭ 97.7 Å, b ϭ 197.7 Å, and c ϭ 109.0 Å. The single-wavelength anomalous dispersion data using Se-Metlabeled RseB were collected at peak wavelength (0.9794 Å). The data were processed and scaled by using HKL2000 (27) .
Structure Determination and Refinement. The crystal structure of RseB was determined by the single-wavelength anomalous dispersion method. Twenty selenium sites were found and used for phase calculation by the SOLVE program. The density modification using RESOLVE (28) resulted in electron density map, which was suitable for model building. Several cycles of rigid body annealing, positional refinement, simulated annealing, B-factor refinement, and model rebuilding were conducted at a resolution of 2.4 Å, using the CNS (29) and O (30) programs. Final refinement, after the inclusion of solvents, resulted in R and R free values of 23.3% and 28.3% (for a 10% data sample), respectively. Data collection and refinement statistics are summarized in SI Table 1 .
His Pulldown Assay. For the mapping of the RseB-binding motif of RseA, the His-pulldown experiments were conducted by using Ni-NTA resin (Qiagen, Chatsworth, CA). The DNAs coding for tRseA were inserted into pET-28a for the expression of the His 6 -Trx-tRseA fusion proteins. For the pulldown experiment, 200 l of His 6 -Trx-tRseA protein (100 M) was loaded onto the 200 l of Ni-NTA resin equilibrated with buffer A, followed by incubation for 10 min with 200 l of 100 M RseB at room temperature. After washing the Ni-NTA resins with 50 mM imidazole, the bound proteins were eluted with 400 l of 250 mM imidazole and analyzed by SDS/PAGE.
SAXS.
The synchrotron SAXS experiments were performed at the 4C1 beam line (31) of Pohang Light Source. SAXS patterns were recorded at 25°C by a MAR165 CCD detector (MAR USA, Evanston, IL). The magnitude of scattering vectors q ϭ 4 sin/ was 0.15 nm Ϫ1 ϽqϽ5 nm Ϫ1 , where 2 is the scattering angle, and is the x-ray wavelength (1.608 Å). Proteins in the concentration range of 2-20 mg/ml were exposed typically for 5 min for individual measurements. Two data sets recorded at 2 and 0.5 m were merged to yield the final composite scattering curves. The program GNOM (32) was used to compute the distance distribution function p(r), which represents the probability of finding a point within the particle at a distance r from a given point. An ab initio model of the protein was constructed from solution scattering data by finding the chain-compatible spatial arrangements of the dummy residues that fit into the experimental scattering pattern using the program GASBOR (33) . Ten independent models were generated, and the most probable one was chosen by using the program DAMAVER (34) . All models were aligned with the most probable one and averaged to compute the probability map, and the averaged model was filtered at a given cutoff volume. The reconstructed models were obtained by imposing the twofold symmetry restriction, assuming that RseB is a dimer in solution. 
